We examined in rat: (1) the time-course and magnitude of change in cortical blood flow (CoB F) fol lowing electrical stimulation of the dorsal raphe nucleus (DRN) and (2) whether DRN lesions affect resting CoBF or the cerebrovascular response to CO2, Animals were anesthetized (chloralose), paralyzed, and artificially ven tilated. The effect of stimulus frequency (1-200 Hz) and intensity (10-100 Il-A) on arterial pressure, heart rate, and CoBF was examined; lesions were made electrolytically. CoBF was measured using a laser-Doppler flowmeter with the probe placed extradurally over the parietal sen sorimotor cortex. The DRN was computer reconstructed in three dimensions from Nissl stained coronal sections for localization of electrode placements. Brief stimuli (8 s; n = 6) elicited frequency and intensity-dependent in creases in arterial pressure, heart rate, and CoBF. Sus tained intermittent trains of stimuli of rostral DRN (200 Hz; 1 s on/l s off; 70 Il-A) elicited a decrease (85 ± 12% of
The dorsal raphe nucleus (DRN) provides a rich serotonergic innervation of pial and intraparenchy mal cerebral blood vessels (Edvinsson et aI., 1983; Scatton et aI., 1985; Amenta et aI., 1985; Di Carlo, 1984; Moreno et aI., 1991; Bonvento et aI., 1991; Reinhard et aI., 1979) . This innervation appears to be functional since electrical or chemical stimula tion of DRN elicits changes in CBF in rat (Bonvento et aI., 1989; Cudennec et aI., 1989) and carotid baseline; n = 9) in CoBF (p < 0.05) while stimulation in caudal DRN resulted in increased CBF (126 ± 13% of baseline; n = 9). Phenylephrine infusion (0.1-1 Il-g; i. v.; n = 8) increased arterial pressure and CoBF less than that elicited by brief DRN stimulation (p < 0.05). DRN lesions did not affect resting CoBF (140 ± 25 perfusion units (PU) before; 127 ± 16 PU after DRN lesion; p > 0.05, n = 5) or mean arterial pressure (127 ± 13 before; 120 ± 11 after); nor did it affect the cerebrovascular response to change in arterial Peoz. Sustained intermittent stimula tion of the DRN can evoke either increases or decreases in CoBF depending on the anatomical sublocalization. The DRN does not tonically maintain resting CoBF, nor participate in the cerebrovascular response to change in Peoz. Key Words: Dorsal raphe nucleus-Cerebral circu lation-Laser-Doppler-Three-dimensional reconstruc tion-Rat. blood flow in cat (Goadsby et aI., 1985b) and mon key (Goadsby et aI., 1985a) .
We have sought to further investigate the effects of electrical stimulation of the DRN using laser Doppler flowmetry to continuously monitor changes in local cortical blood flow (CoBF) and de termine the time-course of the cerebrovascular re sponses. To date, continuous monitoring of cere bral blood flow in response to DRN stimulation has only been reported using electromagnetic flow me ters placed around either the common carotid artery or the common and external carotid arteries in cat (Goadsby et aI., 1985b) and monkey (Goadsby et aI., 1985a) . Continuously measured cerebral perfu sion changes in response to DRN stimulation in rat has not been previously reported.
In the present study we combined continuous CoBF measurement, histological reconstruction of electrode placements, and systematic examination of varied stimulus parameters on the cerebrovascu lar responses elicited by DRN stimulation. We found that increased or decreased CoBF can be elicited from the DRN depending on the area of the DRN that is stimulated.
METHODS

General methods and surgical procedures
Studies were undertaken in 37 male Sprague-Dawley rats (300-375 g), maintained in a thermally controlled (22°C), light cycled (0700 on, 1900 oft) environment and having access to water and lab chow ad libitum. Animals were anesthetized with ex-chloralose (30-40 mg/kg s.c.) following induction with isoflurane (2-5% in 100% 02; Anaquest). The electroencephalogram (EEG) and auto nomic reflexes were monitored in all animals. Experi ments lasted 3 h, during which time the animal displayed the typical chloralose EEG pattern of high voltage and low frequency and the cardiovascular response to tail pinch was blunted.
Tygon catheters (0.7 mm o.d.) were inserted into both femoral arteries for the measurement of arterial pressure (AP), mean arterial pressure (MAP), heart rate (HR) and sampling of blood gases. A polyethylene catheter (1.3 mm o.d.) was inserted into the femoral vein for infusion of drugs, and the trachea was cannulated.
Surgical procedures. Following cannulations, animals were placed in a stereotaxic frame (bite bar = -4.5 mm). Animals were paralyzed with tubocurarine (0.5 mg/kg s.c.) and artificially ventilated (100% 02) on a respirator (Harvard Apparatus model 680) at 80 strokes/min. Iso flurane was continued at a reduced rate (1-2%) until com pletion of surgery. Body temperature was measured rec tally and maintained at 37-38°C (YSI Instruments model 73) by a heating pad.
A limited craniotomy was performed to provide access for the stimulating and lesioning electrodes. A 4 x 4 mm window was drilled from the frontal and parietal bones for placement of the flow probe. The interaural line served as stereotaxic zero. Following completion of craniotomies, isoflurane was discontinued.
Arterial blood (0.25 m\) was sampled one hour after the onset of hyperventilation and again every 30 min until experiment completion for the measurement of P02, Pc02, and pH by a blood gas analyzer (CIBA-Corning model 178). An additional sample was collected for the measurement of hematocrit. Arterial Pc02 was kept be tween 33-38 mm Hg (Table 1) .
Electrical stimulation and lesion of DRN
Negative square-wave pulses were delivered through a stimulus isolation unit (Grass Instruments model PSIU6) from a constant pulse generator (Grass Instruments model S8800). The anode was attached to the cut edge of the scalp. Stimulating electrodes were fabricated from Teflon-coated stainless steel wire (150 f.Lm diameter) with only the cut surface exposed and were guided by 26-gauge hypodermic tubing. The stimulus current was measured by passing the stimulus output across a 10-0 resistor and displayed on an oscilloscope. Electrolytic lesions were produced by passage of an odal current (I rnA for 45 s) from a lesion maker (Grass Instruments model LM5A). Electrodes had 400 f.Lm ex posed at the tip. The cathode was applied to the animal's scalp.
Measurement of local cortical blood flow
Local cortical blood flow was measured with a laser Doppler flowmeter (Perimed model PF3). Details of the theory of the method have been described elsewhere (Tenland, 1982) . The flow probe (1.0 mm o.d.; Perimed model PF303) was positioned extradurally (AP: 2 ± 0.5 mm; L: 3 ± 1 mm, bregma). The flow probe was lowered until contact was made with the dura. Room lights were dimmed to avoid the artifactual lowering of CoBF values. Cortical blood flow values were normalized by position ing the flow probe in a region yielding approximately 100 perfusion units (PU) and responding to increased Pc02 with increases in CoBF. Such precautions were taken to avoid artifactual results that can be obtained from record ing near large blood vessels that typically yield high CBF values (> 200 PU) and respond to elevations in Pc02 with decreases in CoBF. The flowmeter output was passed to a DC amplifier (Grass Instruments model 7P122) and re corded on a strip chart recorder (Grass Instruments modeI7E).
Histology
The site of the electrode stimulation was marked with an electrolytic lesion (200 f.LA, 10 s). Upon completion of the experiment the brain was removed, frozen in freon ( -25°C), sectioned in the coronal plane at 20 f.Lm (Hacker/Bright) and stained for Nissl (cresyl violet). Since the DRN extends �2 mm in the rostrocaudal plane and the best available atlas (Paxinos and Watson, 1986) includes unevenly spaced sections (80-460 f.Lm), we de veloped a computerized three-dimensional representation of the DRN where contours were entered (every 100 f.Lm) and reconstructed in three dimensions using software for 3-D wireframe display (Neurolucida, MicroBrightfield). Boundaries of the DRN were defined with a mouse con nected to a personal computer which interfaced with the microscope (Leitz Aristoplan) equipped with a video dis play terminal (Microvid, MicroBrightfield). The place ment of stimulation sites was matched with the closest section used for the computerized DRN boundaries.
Experimental procedure
Electrical stimulation of DRN. The electrode was in serted into the cerebellum at a 40° posterior angle to avoid the midsagittal sinus and any possibility of eliciting spreading cortical depression by penetration of the cere bral cortex. Optimum coordinates for the DRN were 4.5 mm rostral to the interaural line at the midline. The elec trode was then lowered in 0.5-mm increments from + 6.0 to +3.0 mm with brief stimulation (8 s; 200 Hz; 0.5 ms; 25-50 fLA) used to locate the most active pressor site. Such stimulation never increased MAP more than 15 mm Hg. Once the most sensitive site within the DRN was located, the electrode was left in place and the blood gases were brought into physiological range.
The effects of stimulus frequency and intensity on AP and CoBF were examined by changing stimulus fre quency (1-200 Hz) with stimulus current kept at 50 fLA, or by changing stimulus intensity (10-100 fLA) with fre quency maintained at 200 Hz. Stimuli consisted of 8-s trains and consecutive trains were separated by at least 1 min or return of AP and CoBF to prestimulus values. To examine the effect of sustained stimulation of the DRN, intermittent trains of pulses (l s on!1 s off) were delivered with the current slowly increased from 0 to 75 fLA over -2 min and then maintained for 8 min. The evoked in crease in arterial pressure was offset by controlled exsan guination. Blood gases were checked at least once during stimulation to be certain that blood gases were in the normal range and steady state.
To examine the effect of a rapid increase of AP on CoBF, phenylephrine (0.1-1.0 fLg; Sigma) or saline (0.01-0.1 ml) was infused into the venous catheter over 3-5 s. Phenylephrine infusions were designed to elicit rapid on set and brief duration increases in AP from 10-50 mm Hg. Readings of AP and CoBF are reported at peak change from baseline.
Electrolytic lesion of DRN. Lesions were made electro lytically by passing anodal current through a monopolar stainless steel electrode. The DRN was mapped with the lesioning electrode for the most sensitive pressor site (50 fLA, 200 Hz, 8 s). Lesions were made by passing 1 rnA of current for 45 s. The extent of lesions was determined in Nissl-stained sections.
Statistical analysis
Data are presented as mean ± standard deviation. Sta tistical analyses were performed on raw data. Multiple comparisons were made using a multivariate analysis of variance with repeated measures (Barker and Barker, 1984) and post hoc comparisons were made using the Newman-Keuls test. Regression analysis with slope and intercept comparison and a paired t-test were used to compare the effect of electrical stimulation or phenyl ephrine infusion on mean arterial pressure and CoBF (Kleinbaum and Kupper, 1978) . The effect of electrolytic lesions of the DRN on resting MAP or CoBF was ana lyzed by paired t-tests.
RESULTS
Effect of brief DRN stimulation on arterial pressure and CoBF
In the first study we sought to determine the ef fect of brief stimulation of the DRN on AP and CoBF. The resting level of AP was 130 ± 8 mm Hg and CoBF was 107 ± 28 PU. Stimulation of the DRN with brief (8 s) trains of stimuli (50 f1A, 200 Hz, 0.5 ms) elicited rapid « 1 s) increases in CoBF (11 ± 8 PU; n = 8) and AP (19 ± 6 mm Hg; n = 8; Fig. 1 ). These responses were localized to the DRN . Stimulation in adjacent areas either dorsal, ventral, or lateral to the DRN failed to evoke even modest changes in CoBF or AP (Fig. 2) .
Increases in AP and CoBF were graded with stimulus frequency (1-200 Hz) and intensity (10--100 f1A). With stimulus intensity maintained at 50 f1A, neither AP nor CoBF were changed at stimulus fre quencies between 1 and 70 Hz (Fig. 3 Hz (Fig. 3 ). Decreases in AP or CoBF were not observed at any stimulus frequency or intensity.
To determine whether the increase in CoBF elic ited by DRN stimulation was secondary to the rapid increase in AP, we examined the effect of increased AP evoked by phenylephrine on CoBF in eight an imals (Fig. 4) . When change in CoBF was plotted as a function of change in AP elicited by phenyl ephrine, a linear relationship was obtained where dCoBF = 0. 57dAP + 8 (r = 0. 80;p < 0. 05, Fig. 4) . When AP was altered by DRN stimulation the re lationship was dCoBF = 0. 94dAP + 0. 87 (r = 0. 85; p < 0. 05; Fig. 4 ) and the slope was signifi cantly different from that of the phenylephrine group (p < 0. 05). These results suggest that the in crease in CoBF elicited by brief DRN stimulation cannot be completely attributed to the rapid increase in AP and additional mechanisms are involved.
Effect of sustained intermittent DRN stimulation on CoBF
The effect of sustained intermittent DRN stimu lation 00 min) was examined in 18 animals. Three cerebrovascular responses were observed. There was no correlation of cerebrovascular response and the position of the electrode when examined in the coronal plane of section. However, after computer aided 3-D reconstruction of the electrode sites within the DRN and examination in the parasagittal plane, we found that the cerebrovascular responses were dependent on the localization of the electrode. Increases in CoBF were observed when the elec trode was restricted to caudal portions of the DRN (Fig. 5 ). In this group (n = 9), CoBF increased above prestimulus levels as stimulus current was increased and was maximal at 9 min (121 ± 12% of baseline; p < 0. 05; Fig. 6 ). Controlled exsanguina tion (3. 0 ± 2. 5 ml) was required to maintain AP at prestimulus levels. In contrast, stimulation in ros- tral portions of the DRN (Fig. 5 ) resulted in de creases in CoBF while still requiring exsanguination (2. 5 ± 2. 8 ml). In this group (n = 9), CoBF de creased as the stimulus was increased (Fig. 6) .
CoBF was significantly reduced 2 min after stimu lus onset (p < 0.05), sustained during the stimula tion period, and maximal (88 ± 15% of baseline) in the 10th min following stimulation onset. In two animals, DRN stimulation failed to elicit any change « 5%) in CoBF.
Effect of electrolytic lesion of DRN on CoBF
To determine whether the DRN has any tonic effect on CoBF we examined the effect of an elec trolytic lesion of the DRN on resting levels of CoBF. Lesions extended from the cerebral aqueduct dor sally to the medial longitudinal fasciculus ventro laterally and extended approximately 1-1. 5 mm in the rostrocaudal plane. CoBF was not affected by DRN lesion (before: 127 ± 16 PU; after: 120 ± 11 PU; n = 5; p > 0. 05). The lack of effect on CoBF could not be attributed to any change in AP (before: 140 ± 25 mm Hg; after: 127 ± 13 mm Hg; n = 5; p > 0. 05). These results suggest that the DRN does not have a tonic influence on resting levels of CoBF.
To determine whether the DRN may influence the CoBF response to Pco2 we examined the effect of DRN lesions on the CoBF response to hyper capnia or hypocapnia (Fig. 7) . Prior to DRN lesion, CoBF was 121 ± 12 PU under normocapnia (Pco2 = 37. 4 ± 3. 4 mm Hg) and responded rapidly to decreased Pco2 (24. 5 ± 3. 2 mm Hg; CoBF = 94 ± 16 PU) or increased Pco2 (65. 9 ± 12. 8 mm Hg; CoBF = 204 ± 32 PU). Following placement of lesions in DRN (n = 4), resting CoBF was un changed (CoBF = 117 ± 8 PU) and the CoBF re sponse to hypocapnia was similar to the prelesion response; however the response to hypercapnia was increased ( Fig. 7 ; p < 0. 05). To determine whether the increased response to hypercapnia was due to increased responsivity of the cerebrovascu lature as a consequence of the time required to re peat the CO 2 cerebrovascular response following DRN lesion, we repeated the CO 2 response mea surements in animals which did not receive DRN lesion (n = 5). Under these conditions, Pcoz re sponsiveness did not differ from that observed in animals receiving DRN lesion ( Fig. 7 ; p > 0. 05) suggesting that the DRN does not contribute to the cerebrovascular response to change in Pcoz.
DISCUSSION
Using a laser-Doppler flowmeter to continuously monitor tissue perfusion changes in the fronto parietal cortex, we have demonstrated that brief trains of stimulation elicited stimulus-locked, as well as frequency-and intensity-dependent, in creases in CoBF. Sustained intermittent stimulation of DRN resulted in increased CoBF from the caudal DRN and decreased CoBF from the rostral DRN.
Previous investigations of the effect of DRN stim ulation on CBF have yielded conflicting results with both cerebrovasodilation (Goadsby et at. , 1985a; Goadsby et aI., 1985b; Cudennec et al., 1989) and cerebrovasoconstriction (Bonvento et aI. , 1989 ) be ing reported. Bonvento et al. (1989) attributed the differences in results to differences in stimulation parameters and/or blood flow measurement tech niques. Our observation of decreased CoBF is com parable to the decrease in local cerebral blood flow in parietal cortex measured autoradiographically by Bonvento et al. (1989) . The increase in CBF follow ing DRN stimulation reported by Cudennec et al. (1989) in conscious rat is also similar to that re ported here. The vasodilatory response following DRN stimulation in cat (Goadsby et aI. , 1985b) and monkey (Goadsby et aI. , 1985a) with cerebral blood flow measured by electromagnetic flowmeters placed around the carotid arteries was, however, substantially greater (200% vs. 100% of control) than was observed in our studies. Other notable differences between our investigation and those previously reported are (1) the presence (Goadsby et aI. , 1985a; Bonvento et aI. , 1989; Goadsby et aI. , 1985b) or absence (Cudennec et aI. , 1989 ) of anes thesia, and (2) systemic arterial pressure was not controlled in any of the previous reports.
No previous study has reported both increased and decreased CBF in response to DRN stimula tion. Furthermore, none of the previous studies of DRN stimulation have presented the precise local ization of stimulation sites. Using Nissl-stained sec tions cut in the coronal plane we were able to lo calize electrode placements in two axes. In order to localize placements in three dimensions, we created a detailed three-dimensional reconstruction of the DRN to facilitate the accurate placement of stimu lation sites. Sections of DRN from the best avail able rat atlas (Paxinos and Watson, 1986) calization. Our atlas had sections every 100 IJ-m. We found that different CoBF responses were elicited from rostral and caudal regions within the DRN and therefore propose that the differences in the CBF responses reported in the literature may be at least partly due to activation of different subregions of the DRN. Five discrete subnuclei are recognized in the rat DRN based on immunocytochemistry and mor phometry (Steinbusch, 1981; T6rk, 1985) : the dor- sal, ventral, lateral, interfascicular, and caudal sub groups. Several studies have described the ascend ing and descending projections of DRN neurons (see T6rk, 1985) and suggested that these projec tions are topographically organized (Jacobs et aI. , 1978; Miller et aI. , 1975; De Olmos and Heimer, 1980; Van Der Kooy and Hattori, 1980; Pasquier and Reinoso-Suarez, 1977) . The "cerebrovascular" rostral and caudal areas delineated in the present study do not correspond to any of the five subnuclei Note that DRN lesions did not affect the cerebrovascular re sponse to change in Pco2.
and therefore do not provide further evidence for such a topographical organization, but rather sug gest a functional organization. Previous studies have suggested that the increase in CBF elicited by DRN stimulation is mediated by serotonergic neurons because (1) similar cerebro vascular responses were elicited by chemical stim ulation of the DRN (Goadsby et aI. , 1985b) , (2) the cerebrovascular response was abolished following serotonin depletion with p-chlorophenylalanine (Goadsby et aI. , 1985b) , and (3) the increase in ce rebral glucose utilization elicited by DRN stimula tion was prevented by destruction of serotonergic neurons by 5,7-dihydroxytryptamine (Cudennec et aI. , 1988) . The finding that DRN stimulation increases CBF and cerebral glucose utilization (Cudennec et aI. , 1989) further suggests that the cerebrovascular response may be, at least in part, secondary to an increase in cerebral metabolism. However, the magnitude of the CBF increase was twice as much as the increase in cerebral glucose utilization (Cudennec et aI. , 1989) , suggesting that additional mediators may be involved.
Goadsby and his colleagues (Goadsby et aI. , 1985a; Goadsby et aI. , 1985b) demonstrated that the DRN cerebrovasodilatory response in cat and mon key is, in part, mediated within the brain stem and subsequently through the facial nerve, since the re sponse remains intact following supracollicular de cerebration and/or high spinal cord transection, but is abolished by bilateral intracranial transection of the facial nerve (Goadsby et aI. , 1985b) . Further studies are needed to determine whether the in crease in CoBF following DRN stimulation in rat is mediated through a similar pathway.
The mechanism of action of the cortical cerebro vasoconstriction is unknown. If the response was neurogenically mediated it might be expected that the response would have rapid « 1 s) onset or offset as has been observed in other studies (Iadecola and Reis, 1990; Arneric, 1989) . More recently, it has been demonstrated that neurogenic cerebrovascular responses may have a longer time-course. For ex ample, the cerebrovasodilation elicited by stimula tion of the facial nerve does not reach maximum until 2-3 min after stimulus onset (Goadsby, 1991) . To eliminate the change in arterial pressure as a confounding variable, we maintained arterial pres sure constant by controlled exsanguination, thereby eliminating any possible effect on cerebrovascular autoregulation. It should be noted that while CoBF changed with increasing stimulus intensity until the maximum current was reached, CoBF continued to increase or decrease over the next 4-5 min and the peak change was not reached until 7-8 min into the stimulation, suggesting that a neurohumor(s) may also participate in the responses. The delayed CoBF changes are not likely due to an artifact of the laser-Doppler flowmeter used in our studies, since rapid changes in CoBF were observed in response to phenylephrine bolus infusion or brief DRN stim ulation. These results may indicate either that the vasoconstrictory response is mediated by release of a vasoactive hormone from the periphery (e. g. , epi nephrine from the adrenal glands) or that neuro transmitter release may be distant from the site of action and may require time to diffuse through the extracellular space.
Assuming that both the cerebrovascular re sponses are mediated by serotonergic neurons, dif ferent mechanisms for the vasodilatory and vaso constrictory responses are likely. Serotonin has dif ferent effects on large and small cerebral blood vessels. For example, large pial vessels have been observed to constrict while smaller vessels dilate in response to perivascular application of serotonin (Harper and McKenzie, 1977) . In addition, multiple serotonin receptor subtypes have been identified in the basilar artery with concentration-dependent ef fects on Ca 2 + currents, and likely, cerebrovascular tone (Kent et aI. , 1989) . Such findings indicate that cerebral blood flow regulation by serotonin may in volve a complex integration of effects involving se rotonin release and direct and indirect innervation at different vascular segments with several possible mediating receptor subtypes. The CoBF responses presented here are not likely to be due to pain or discomfort elicited by electrical stimulation of the DRN. DRN stimulation did not elicit any EEG arousal response that has been associated with pain. Indeed, DRN stimula tion has been shown to block excitatory cortical responses to noxious stimuli (Reyes-Vazquez et aI. , 1989; Mantz et aI. , 1990) . The cardiovascular and cerebrovascular responses were elicited with marked anatomical selectivity and therefore do not appear to be a nonspecific effect of brain stimula tion. The responses are not due to any change in arterial pressure or blood gases since these vari ables were carefully monitored and controlled and did not differ from prestimulation values.
In conclusion, we have used laser-Doppler flow metry and histological reconstruction to examine the cerebrovascular consequences of DRN stimula tion in anesthetized rat. Measurement of CBF with the laser-Doppler has provided additional informa tion regarding the continuous monitoring of cortical blood flow. While laser-Doppler flowmetry has the disadvantage of not measuring blood flow changes in multiple locations in the brain, those changes have been previously documented (Bon vento et aI. , 1989; Cudennec et aI. , 1989) . Our description of dif ferent cerebrovascular changes depending on the anatomical localization of the stimulating electrode provides a possible explanation for the discrepant blood flow changes that other studies of DRN stim ulation on CBF have reported and offers the oppor tunity for elucidating the responsible neural cir cuitry.
